The Black Sea climatology experiment is performed with a spatial grid step equal to 5 km, and in other experiments the 1.6 km grid step is used. Three-dimensional structure of the Black Sea currents on 45 levels within the surface horizon (2.5 m) and the bottom one (2100 m) is reconstructed. The anticyclonic current (countercurrent) extending along the Black Sea continental slope in direction opposite to the Rim Current is detected at about 1000 m and deeper. In the climatic fields the countercurrent exists in spring and summer in the northern part of the basin. In the experiments that included the reanalysis forcing, the countercurrent is revealed as separate streams in various continental slope areas and in different seasons. Its mean velocity is about 5 cm/s, the highest one is equal to 10 cm/s. In the overlying layer in the northeastern part of the Black Sea, the countercurrent is also detected by modeling as well as it is revealed by CTD and ADCP measurements.
Introduction. The scientists have been particularly interested in the problem of the deep-water anticyclonic current (countercurrent) existence on the horizons under the cyclonic Rim Current for several decades already. In 1942 Neumann formed a hypothesis about the presence of anticyclonic circulation in the deep layers of the Black Sea [1] . He supposed the existence of a two-layer system of currents. The cyclonic direction was in the upper layer to the depth of about 300 m and the anticyclonic one -on the underlying horizons. The current velocity was assumed to increase at the depth of about 1000 m. Since then, the attempts to prove the presence or absence of the anticyclonic countercurrent had been made by a number of authors from time to time. In the work [2] published in 1995 the possibility of the countercurrent formation in a layer of 100 -400 m in the form of separate streams with velocities of 1 -10 cm/s was shown. Theoretical and field works in support of a three-layer stratification of the Black Sea waters are given in [3, 4] . Anticyclonic direction of near-bottom currents was defined in [5] . In the recent years the interest to this problem has been increased again. Due to the intensive development of the ocean models, the opportunity of the qualitative numerical reconstruction of a three-dimensional water dynamics was obtained. For example, within the experiment [6] carried out on the basis of the Bergen model in Moscow State University, the presence of the anticyclonic countercurrent in the climatic fields at a depth of about 1500 m in the Black Sea waters in all seasons was shown.
In [7] applying the numerical nonlinear model of Marine Hydrophysical Institute (MHI) [8] the three-dimensional fields of temperature, salinity and currents of the Black Sea with horizontal resolution 5 km were reconstructed. In [7, 9] the emphasis on climatic hydrophysical fields analysis at the depths below the Black Sea main pycnocline in a layer of 350 -1000 m was made. In these works a number of currents features missed in [10] due to low horizontal resolution (~15 km) was revealed. To confirm or refute the existence of countercurrent and eddy structures in the field of velocity there had been no available alternative (nonassimilated in the numerical model) data at the time of publication of the works [7, 9] .
Currently, the there has appeared the opportunity to compare some of the results obtained in these studies with the field measurements made in the Southern Branch of the P.P. Shirshov Institute of Oceanology RAS (SB SIO RAS) [11] , as well as with the reanalysis data [12] . In present research we compare the results of numerical modeling based on the MHI model and available in-situ data at the depths below the main pycnocline.
Experiment I. Parameters. To obtain the three-dimensional fields of temperature, salinity, currents and sea level the system of the ocean hydrodynamics equations including the equations of motion, continuity, hydrostatics, heat and salt advection-diffusion and the equation of state [8] was integrated. To calculate the turbulent viscosity and vertical diffusion coefficients the Pacanowski-Philander approximation is used [13] . In accordance with the method proposed in [14, 15] , climatic atmospheric fields were set on the sea surface. In the river mouths and straits fluxes of mass and momentum were taken as given in [16] . Assimilation of the archival climatic temperature and salinity was carried out periodically [17] . Integration time of the model equations was about 1000 days and was determined by achievement of integral characteristics of the quasi-periodic regime.
The calculation was conducted on the 45 vertical horizons corresponding to 2.5 -2100 m depth, horizontal resolution was 5 km, and time step was 5 min.
Analysis of the modeling results. The analysis of the modeling results was carried out. It was found that on 900 -1800 m horizons the anticyclonic current (countercurrent) took place in spring and summer along the continental slope. Fig. 1 shows the direction of this stream. It propagated from the latitude of Varna in the west to the North Caucasian coast in the east. Then it turned to the south-east and proceeded to the central part of the sea along the Anatolian coast. Eventually, it was united with the deep-water anticyclone in the central part of the sea. In the area of the continental slope narrowing (the longitude of Yalta) one of the stream branches turned right and immediately combined with the mentioned anticyclone. Typical velocities in this eddy at the 1800 m depth were 2 -2.5 cm/s, the maximum ones were about 4 cm/s. The countercurrent velocities were rather weak, though they were 2 -3 times higher than the background velocity values. The mean velocity was about 1 cm/s. They increased to 2 -2.5 cm/s on the continental slope narrowing and reduce to 0.2 -0.5 cm/s in the areas of its widening. This behavior of currents in the near-bottom zone is described in [5] . On higher horizons in the north-eastern part of the Black sea the countercurrent was characterized by the greater velocity values. Obtained climatic velocity vectors were the mean estimations of the real current magnitude and direction. So, the countercurrent existence in those fields suggests its presence actually in certain periods. Regional features of the field of currents in the north-eastern part of the Black Sea. Earlier in [7, 9] (in the North Caucasian coast near Gelendzhik at the depths of 300 -350 m and below a narrow climatic current was found (Fig. 2 ). It existed from March to July and propagated south-eastward along the coast with a velocity of 2.5 -4 cm/s opposite to the Rim Current. The specified current has a length of about 70 km and a width of 10 -20 km on these horizons. Analysis of the vertical velocities showed that in the area of Tuapse this current went down to 1200 -1400 m, propagating south-eastward along the continental slope, and reached the Batumi anticyclone region. The current was not only defined by the numerical modeling but was also discovered during the field experiment at the SB SIO RAS polygon near Gelendzhik. Measurements were carried out on 17 -19 June, 2011 on the traverse of the Gelendzhik Bay behind the continental slope at 44°28'17''N, 37°56'14''E by Akvalog profiler [18] . The countercurrent existence the under the Rim Current in the 500 -900 m layer with maximum velocities up to 3 cm/s at a depth of 700 -850 m was directly established.
To detail the study and to compare the modeling results with the in-situ data the currents maps were constructed for horizons 350, 400, 500, 600, ..., 1500, 1800 and 2000 m for every day of the climatic year. Then the time interval when the current appeared and disappeared at different depths in the north-eastern part of the sea was selected. It was confirmed that at an average by the depth this period was limited by March -July.
It is established that in Gelendzhik area on the horizons of 300 -500 m the countercurrent appears in the first ten days of March. At the initial stage its velocities are 1 -2 cm/s. By the end of the month, they increase to 3 cm/s and in April reach 4 cm/s. Countercurrent is the most formed in June (Fig. 2) . Since midJuly, it deepens and its velocities decrease to 0.5 -1 cm/s on these horizons. In August the countercurrent is found only in the area of Novorossiysk -Gelendzhik, and in September it disappears. In autumn the velocities vectors at these depths radically change their direction to the north-western one. On the horizons of 600 -800 m the countercurrent with velocities 0.5 -1 cm/s forms in early March and is rather unstable. Its structure is destroyed by the third ten days of March, recovering again about a week later. In mid-July the countercurrent is still strong (about 3 cm/s on 600 m depth) but by the end of the month it disappears. We are to note that for all the considered horizons up to a depth of 1300 m in March -April there are some the currents velocity pulsations with a period from one to two weeks. For example, at the depth of 900 -1200 m the countercurrent is formed during on March, 14 -16 and disappears on 20 -21. Then it recovers on March, 27 -28 and exists until mid-April, resuming again in the third week of this month. Current velocities on 900 -1000 m horizons are about 1 cm/s and on 1200 m horizon -2 cm/s. From May to mid-June the most developed and stable structure of the current non-broken by mesoscale eddies occurring seaward the continental slope is observed. Especially in this period it was important to get the measurement data to confirm its existence. On 1300 -1400 m horizons the current is finally formed only by mid-May. Obviously, it is a part of the stream coming to the North Caucasian coast from the region of the Crimea. Its typical velocities are 1.5 -2 cm/s and grow up to 3 -3.5 cm/s to the south-east of Gelendzhik. From the second ten days of July the currents structure destroys finally and doesn't restore at a given depth.
On 1500 m horizon the current is observed from mid-April until the beginning of July. The maximum velocities are about 3.5 cm/s and in the area to the southsouthwest of Gelendzhik -about 2 cm/s. From the third ten days of July the velocities vectors in the considered area are starting to turn to the north-west and completely change their direction to the end of July.
At 1800 m depth the countercurrent is observed in mid-May with mean velocity of about 1.5 cm/s and the maximum ones -2.5 -3 cm/s. Since the end of June the restructuring of the velocity field starts to the south of the Crimean Peninsula. In the subsequent month the currents of the northern and north-eastern part of the Black Sea get the cyclonic direction.
Experiment II. Parameters. The second experiment was carried out using the same MHI numerical model [8] with the following parameters: horizontal grid step was 1.64 km, 27 vertical levels were selected, and time step was equal to 96 s. The coefficients of vertical turbulence were calculated by the Mellor-Yamada Level 2.5 parameterization [19] . The real atmospheric reanalysis data were used at the sea surface as the boundary fields. In the liquid boundaries (in river mouths and straits) temperature, salinity and current velocities were set similar Experiment I. The more detailed description of the problem mathematical statement, the initial and boundary conditions are given in [20] .
Analysis of the modeling results. The analysis of the velocity fields obtained with high horizontal resolution taking into account the real atmospheric forcing also revealed the existence of anticyclonic current at depths below 1000 m in different years (Fig. 3) . The following features were found out for all time intervals. The countercurrent was observed from end of May to August as sustained narrow stream localized in the north-eastern part of the sea between 34.5 and 41°E. Its formation started in April to the south of Cape Meganom where a significant narrowing of the continental slope caused an increase of the currents velocity. The current width was 5 -8 km; its mean velocity was 7 cm/s. The maximum velocities of 10 cm/s were observed in July and August on the continental slope to the south of the Kerch Peninsula and to the south of the Abkhazian coast (Fig. 3, a) . Separate narrow anticyclonic streams were fixed in the south-western part of the sea (Fig. 3, b) . With increasing the depth in the northeastern part velocities of the countercurrent decreased to 4 -5 cm/s. It should be noted that countercurrent reached maximum intensity during diminution of the velocity in the Rim Current core to 25 -30 cm/s.
In 1500 -1700 m layer the countercurrent is detected in the form of separate streams. The currents on the continental slope adjacent to the north-western shelf were most strongly marked in 2006 and 2013 on horizon of 1500 m (Fig. 4, a) . North-eastward stream with velocities about 8 cm/s was observed here from March to June. In April -May and August -September 2006 the south-westward current with width about 5 km and velocities in the core up to 7 cm/s (Fig. 4, b) was reconstructed at 1700 m in the southern part of the sea. Analysis of the current maps on the horizons of 1000 and 1500 m in 2006 and 2010 showed that the countercurrent were periodically appeared in the cold season unlike the Experiment I. In November and December the countercurrent velocities reached 4 -5 cm/s on the continental slope near the North Caucasian coast and the stream width was increased up to 10 -12 km in some areas (Fig. 3, c, d ).
The Black Sea deep-water areas near the North Caucasian coast are the most representative for research of the countercurrent in 1000 -1500 m layer. Taking into account the real atmospheric forcing in Experiment II the stream oppositely directed the Rim Current was marked here in all seasons. So stream velocity reached 4 -5 cm/s in February -March, the lifetime was 15 -20 days, it stretch was from 100 to 150 km. The destruction of this countercurrent is connected with the generation of mesoscale eddies with different vorticity sign. The countercurrent was intensified in May against the background of the eddy activity weakening. It width was increased to about 5 km, the stretch -to 300 km, the average currents velocity was increased to 7 -8 cm/s. All the numerical experiments showed the most intensive countercurrent in the northeastern part in summer months. Its maximum width up to 6 -8 km was observed to the south-west of Gelendzhik and Sukhumi. Comparison with the reanalysis data. The obtained climatic fields were compared with the reanalysis data [12] calculated in [21] . Reanalysis of the Black Sea hydrophysical fields was carried out for the 1993 -2012 year period using the MHI model. The calculations were performed on a 5 km horizontal grid, 38 vertical levels were considered. The fluxes of evaporation, precipitation, heat and wind stress derived from the ERA-Interim reanalysis [22] were used as atmospheric forcing. The reanalysis data for 10 years (from 1993 to 2002) were selected to compare with modeling results. We considered the 400 m horizon where the countercurrent was observed from March to July in the north-eastern part of the sea according to Experiment I. On the basis of the aforementioned data the currents maps were constructed. We selected the years when the south-eastward stream was observed. The countercurrent was reconstructed for 1993, 1998, 1999 and 2001. Fig. 5 shows synchronized currents maps resulted from the reanalysis (above) and calculations of the climatic fields in Experiment I (below). According to the reanalysis data the countercurrent was periodically observed from April to July, its width was 30 -35 km, velocities -1.5 -4 cm/s, whereas in Experiment I the velocities reached 3.5 cm/s and the width was up to 20 km.
The question whether the considered stream along the North Caucasian coast is the result of the underlying anticyclonic countercurrent intensification due to the continental slope narrowing, or the boundary layer presence near the Black Sea eastern shore [23] , or its appearance is due to other causes, requires the additional study.
Analysis of the measurements data. Regular CTD (conductivity-temperature-depth) measurements were considered as performed from R/V Akvanavt research cruises organized by SB SIO RAS in Gelendzhik [11] . As a rule, SBE-19 Plus CTD-probe was applied. Data were transferred to the vessel board in real time and processed using Sea-Bird Electronics software. Instrumental precision of the probe measurements was 0.005°C for temperature and 0.0005 ‰ for salinity, frequency of data digitizing -4 Hz. In shallow waters the probe submerged to the bottom and in the deep-sea zone -up to 500 m depth. Vessel measurements of temperature and salinity were used to restore the velocity fields by the dynamic method (in the geostrophic approximation). This method of currents calculation is approximate but gives quite successful results despite it doesn't take into account the local non-uniforms, non-stationary and baroclynic and friction effects. Its widespread use is due to the relative simplicity of practical tasks solution. In this study we applied the basic performance of the dynamic method [24] .
The data processing imply the density profile ρ(z) calculation at various stations till the depth of the "zero horizon" z 0 (300 m or more for the Black Sea [25] ). Then, the density profiles are interpolated on a grid with uniform step and the construction of the density integrals SD(r i , z) was provided, where r i is the distance from the coastline, z is the depth. The difference between the SD(r i , z) values calculated from measurements at the adjacent stations characterizes the horizontal gradient of pressure ΔР:
Alongshore velocity component profile in the direction perpendicular to the section trace was calculated as
where g was the acceleration of gravity; f was the Coriolis parameter; ρ 0 was the average sea water density; j r were the radius vectors of measurement points in the arbitrary rectangular coordinate system. 500 m depth was taken as the "zero horizon". The common CTD-measurements trace type was "section" with the length of about 100 miles. The vessel performed one, rarely two sections in the perpendicular direction to the coast. The distance between the measuring stations was about 7 -8 miles. Also, the polygon-type surveys were often carried out (the measuring stations were placed at the nodes of a rectangular grid) and some others. In the present study we examined section-type survey data, while the deep part of the sea was captured. Typical map of such trace is shown in [11, Fig. 10] .
In order to identify the features of the alongshore currents in the north-eastern part of the Black Sea the survey data for the 1997 -2008 year period were processed using this method. The circulation features of our particular interest were found in July 1998 and in June 2004. Fig. 6 shows the maps of alongshore component of currents velocity perpendicular to the section. Red color indicates the north-western currents, the blue color -the south-eastern ones. It is shown that in late June -early July at depths of 250 -300 m the countercurrents with velocities of up to 4 cm/s are clearly distinguished, which corresponds to the direction, time interval and velocity values obtained in Experiment I (Fig 2, a) . Conclusion. The comparison of the results of the Black sea currents numerical modeling below the main pycnocline under the influence of climatic forcing and real atmospheric forcing is presented. The analysis of some in-situ experiments on sub-satellite polygon of SB SIO RAS including deep-water measurements was carried out.
The climatic experiment results showed that an anticyclonic countercurrent existed at depths below 1000 m in spring and summer. It was formed near Bulgarian coast and reached the southern part of the Black Sea propagating eastward along the continental slope. That stream was also observed in the experiment with high resolution and the real atmospheric fields. Current velocities (an average of 7 cm/s) exceeded climate ones and the countercurrent was more narrow. Moreover, if taking into account the real atmospheric forcing the countercurrent was also reconstructed for winter season.
The results of our experiments are comparable to the existing estimates of mean deep currents velocities obtained in [26, 27] on the basis of the trajectories of floating buoys. In these studies the mean deep currents velocity was about 5 cm/s, but the amount of the buoy data did not allow detailing the features of the threedimensional deep-water circulation. In this case the use of mathematical models for the study of the deep Black Sea circulation is more than justified. The problem of provision by any contact data at depths greater than 300 m for the whole sea is extremely important. The database of SB SIO RAS contact measurements allows validating the model hydrophysical fields in the sub-satellite polygon area.
It was established that in the north-eastern part of the Black Sea in MarchJuly the south-east current directed opposite to the Rim Current is observed beyond the main pycnocline at depths of 300 m and deeper. The current continuity is periodically broken by the mesoscale eddies forming seaward the continental slope. According to the climatic fields calculation the stream width is about 20 km and the velocities reach 3.5 cm/s. Comparison to the reanalysis data for ten years on 400 m horizon confirmed the periodic generation of the countercurrent in the northeastern part of the Black Sea. On this horizon it was found in the spring and summer periods of 1993, 1998, 1999 
